Three enzyme-linked Immunosorbent assay (ELISA) procedures i.e., one indirect ELISA applied avidin-biotin complex system (ABC-ELISA) and two direct ELISA, antigen captured (AC-ELISA) and double antibody sandwich (DAS-ELISA), were employed to rapidly and quantitatively detect Insecticidal crystal proteins (ICPs) from six commercially available BT pesticides by using antiserum against ICPs of Bacillus thuringiensis subsp. kurstaki HD-l. Assay samples treated with 0.1 M NaOH to dissolve ICPs reacted in ELISA more strongly than intact or neutralized ones. The order of sensitivity between the procedures was: ABC-ELISA=DAS-ELISA>AC-ELISA.
INTRODUCTION
Bacillus thuringiensis (BT) produces crystalline inclusions containing one or more Insecticidal crystal proteins (ICPs).
Many strains exhibiting highly specific toxic activity have been identified with different insect host spectra. BT pesticides have been developed from those bacterial strains and commercially used world-wide as biological insecticides.
Bioassay has been routinely used to estimate the amount of ICPs in formulations.
To obtain a reliable evaluation, however, repetitive bioassays are required with a substantial number of susceptible larvae of similar size, weight and age. Therefore, the bioassay is a laborious and time consuming procedure.
To substitute for or support the bioassay, enzyme linked Immunosorbent assays (ELISA) have been developed for quantitative detection of some ICPs from BT strains.l- 4) In this paper, we describe the detections of ICPs from commercially available BT pesticides by three ELISA procedures with antiserum to ICPs of B. thuringiensis subsp. kurstaki HD-l.
MATERIALS AND METHODS

B T Pesticides
Six commercially available BT pesticides, Thuricide(R) WP (10% toxin content; SDS Biotech K.K., Tokyo, Japan), Dipel(R) WP (10%; Sumitomo Chemical Co., Ltd., Osaka, Japan), Toarow(R) CT WP (7%; Toagosei Chemical Co., Ltd., Tokyo, Japan), Guardjet(R) WP (7%; Kubota Corp., Tokyo, Japan), Selectzin(R) WP (10%; Kyowa Hakko Kogyo Co., Ltd., Tokyo, Japan) and Xentari(R) WDG (10%; Tomen Corp., Tokyo, Japan) were used as antigens in ELISA tests.
Preparation of Antisera
ICPs of B. thuringiensis subsp. kurstaki HD-1 were partially purified from cell debris or spores by the two layer partitioning method of Goodman et al.5) The ICP-containing fraction was further purified by sucrose density gradient centrifugation. Purity and concentration of the ICPs preparation were judged by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE).6) The ICPs corresponding to 130 and 70kDa were separated by SDS-PAGE. A computer-aided laser densitometer (Ultrascan XL, Pharmacia LKB, Uppsala Sweden) was used for scanning of SDS-PAGE to determine the concentration of ICPs. The purified intact ICPs suspended in saline were solubilized in 0.1M NaOH. The solubilized ICPs suspension was used as immunogen. New Zealand White rabbits were immunized at a 2-week interval with four intramuscular injections of approx. 1mg of solubilized ICPs, emulsified with Freund's complete adjuvant (first two injections) and subsequently Freund's incomplete adjuvant (last two injections). The rabbits were then immunized weekly with intravenous injections of approx. 0.1mg of solubilized ICPs (last three weeks).
ELISA Procedures
One indirect ELISA using avidin-biotin complex (ABC-ELISA),7) two direct ELISA, antigen captured (AC-ELISA) and double antibody sandwich (DAS-ELISA), 8) were used for the detection of ICPs.
In the ABC-ELISA procedure,7) 0.2ml of each assay sample diluted with 0.1M sodium carbonate buffer (SCB), pH 9.6, was pipetted into the wells of microplate, and the plate was incubated overnight at 4oC to allow the samples to adsorb directly to surface of the wells. After washing the plate 3 times with 0.02M phosphate buffered saline, pH 7.4, containing 0.5% of Tween 20 (PBS-T), antiserum diluted to 1:1000 with PBS-T was pipetted into the wells and incubated for 2 hr at 37oC. After washing the plate with PBS, ABC-kit (VectastainTM, Vector Laboratories, Inc., Burlingame, CA, USA) for rabbit-IgG detection was applied for ABC-ELISA. A freshly prepared solution containing 0.2mg/ml of 2, 2-azinobis(3-ethyl-benzothiazoline)-6-sulfonic acid (ABTS) in 0.1M citrate buffer, pH 5.3, and 0.05% H2O2 solution was used as substrate (0.1ml/well) in ABC-ELISA. Thirty minutes after addition of the substrate, the plate was read at 410nm in a microplate autoreader (MTP-120, Corona Electric Co., Ltd., Katsuta, Japan).
In the DAS-ELISA procedure, 9) 0.2ml of IgG (1, ug/ ml), purified from the antiserum by using protein A affinity chromatography (Afigel Protein A MAPA-II kit, Bio-Rad Laboratories, Hercules, CA, USA) and diluted with 0.05M SCB, pH 9.6, was pipetted into the wells of microplate. The plate was incubated for 2 hr at 37C or overnight at 4oC to allow the IgG to adsorb to surface of the wells. After washing the plate with PBS-T, each assay sample diluted with PBS-T was pipetted into the wells (0.2ml/well) and incubated for 2hr at 37C or overnight at 4oC. After washing the plate, alkaline phosphatase conjugated with purified IgG, which was prepared according to the method of Clark and Adams, 8) was diluted to 1:500 with PBS-T and pipetted into each well (0.2ml/well).
The plate was incubated for 3 hr at 37oC. After final washing of the plate, p-nitrophenyl phosphate in a 10% solution of diethanolamine (1mg/ ml) adjusted to pH 9.8, was used as substrate (0.2ml/ well). One hour after addition of the substrate, the plate was read at 410nm in the microplate autoreader.
In the AC-ELISA procedure, each assay sample was coated to the plate wells as described in ABC-ELISA procedure, and the conjugate and substrate were used as described for the DAS-ELISA procedure.
Each assay sample was detected in duplicate and the results of ELISA values were averaged. Each ELISA test was also repeated at least twice to determine reliability. An ELISA value greater than 0.1 was counted as positive reaction.
Preparation of Assay Sample
To determine the optimal preparation of assay samples for ELISA, three types of assay samples were used as antigens: alkali-treated samples; samples neutralized after alkali treatment; and non-treated samples. They were prepared from the same concentrations of BT pesticides. Briefly, BT pesticide solutions diluted to 104 times with tap water were used as non-treated samples. In the case of the alkali-treated samples, 0.5ml of non-treated samples was solubilized with 0.125ml of 0.5M NaOH for 15 min at room temperature, then 0.375ml of water was added. The neutralized samples were prepared by the addition of 0.1 M HC1 to neutralize the alkali-treated samples. All samples were diluted up to 10 times (totally 105 times from start) with SCB for ABC-and AC-ELISA and with PBS-T for DAS-ELISA, and then used as assay samples. Furthermore, 1.75 pg/ml of intact and solubilized ICPs were prepared from purified ICPs of strain HD-l, respectively. All assay samples with 2-fold dolutions were detected by each ELISA procedure.
BT pesticides were spiked into the crude sap (pH 6.2) of cabbage which was homogenized with 100 volumes of distilled water. The BT pesticides suspensions diluted with the sap were treated with NaOH as described above, and ICPs were quantified in ABC-ELISA and DAS-ELISA to determine the recovery.
Extraction and Detection of ICP from Cherry
Fruits For residue analysis of BT toxins by bioassay the following procedure was used. One kilogram of cherry fruits, which was respectively collected 1, 3 and 7 days after the last application of Guardjet(R), was soaked in 51 of water containing 1.5ml of detergent (Nonal 208, Toho Chemical Industry Co., Ltd., Tokyo, Japan). They were then shaken at 200rpm for 30min in a shaker (SL-20T, Ikeda Scientific Co., Ltd., Tokyo, Japan). A 500 ml of each aqueous phase was collected and concentrated to 20ml by centrifugation for 10min at 15,000rpm (J2-MC with rotor JA-10 or JA-17, Beckman Instruments, Inc., Palo Alto, CA, USA). The each concentrated sample was applied to the bioassay of the larvae of diamondback moth, Plutella xylostella, by the dietincorporation method.10)
A 0.5ml of each concentrated sample was centrifuged for 10min at 15,000rpm (Himac CR 15D with rotor RT 15A3, Hitachi Koki Co., Ltd., Tokyo, Japan) to spin down the precipitates and rinsed three times with distilled water to remove the detergent. The rinsed samples were treated with alkali as described above. The alkalitreated samples were subjected to ABC-ELISA.
RESULTS
Assay Samples for ELISA Tests
The ELISA values obtained from all samples prepared with the alkali treatment were shown to be eight times higher than those of non-treated samples in ABC-ELISA (data not shown). When the alkali-treated samples and neutralized ones were detected by three ELISA procedures, ELISA values for the alkali-treated samples were shown to be almost two times higher than those of neutralized ones in each ELISA test (data not shown). Based on the results described above, the ICPs were easily extracted by the alkali treatment from BT pesticides containing live or dead cells of B. thuringiensis, and even from dead cells of Pseudomonas fluorescens harboring the recombinant ICP gene. Thus, the alkali treatment could be chosen for the general treatment to prepare assay samples for all ELISA procedures.
The pH of alkali-treated samples was approx. 12. When the pH of sample was over I1 or when the sample was diluted only 2-4 times (pH 11-12) with PBS-T after alkali treatment, the ELISA value was lower in DAS-ELISA. Therefore, the alkali-treated samples were diluted up to at least 10 times with PBS-T for the DAS-ELISA test to avoid such a high pH. The final pH of the assay samples tested was approx. pH 10 in ABC-ELISA and AC-ELISA and pH 8-10 in the DAS-ELISA.
Sensitivity of Three ELISA Procedures for Six BT
Pesticides Dilution end points of six BT pesticides detected by three ELISA were shown in Fig. 1 and Table 1 . In the ABC-ELISA, the ICPs from BT pesticides were detected even from samples diluted to 10-7 (estimated to contain approx. 4-8ng/ml of ICPs) except Toarow(R) which allowed dilution to only 10-5. On the other hand in the AC-ELISA test, the positive dilution end point was 10-5 for Toarow(R) and Selectzin(R), and 10-6 for the remaining Fig. 1 Comparison of the sensitivity of three ELISA for detecting ICPs of BT pesticides. Symbols indicate Thuricide(R) Dipel(R)(U), Toarow(R) (A), Guardjet(R)(4), Selectzin(R)(7) and Xentari(R)(*). BT pesticides. In DAS-ELISA, the dilutions were 10-5 for Toarow(R), 10-6 for Selectzin(R)and 10-7 for the remaining BT pesticides (estimated approx. 6-8ng/ml of ICPs). Additionally, either incubation for 2hr at 3TC or overnight at 4oC in DAS-ELISA, almost same results were obtained. Moreover, the detection limit of the purified ICPs solubilized with alkali treatment was approx. 4.4 ng/ml in ABC-ELISA, 15ng/ml in AC-ELISA and 3.4 ng/ml in DAS-ELISA, respectively. These results clearly showed that the sensitivities of the ABC-ELISA and DAS-ELISA were similar, and higher than that of AC-ELISA.
As discussed above, a wide spectrum of specificity of the antiserum used was observed in the three ELISA tests with various BT pesticides. In ABC-ELISA and AC-ELISA tests, Xentari(R) was shown to have the highest ELISA value among six BT pesticides (Fig. 1) . This indicates that ICPs in alkali-treated samples of Xentari(R) seemed to be easily extracted from the formulation and adsorbed to the surface of wells with carbonate buffer. On the other hand, in DAS-ELISA Thuricide(R) and Dipel(R) showed higher ELISA values among the BT pesticides (Fig. 1) .
Influence of Crude Sap of Cabbage on ELISA
A non-specific reaction was observed when ABC-ELISA was performed with the samples prepared from the crude sap of cabbage containing spiked BT pesticide (data not shown). A similar non-specific reaction was also observed in the AC-ELISA which has a common step in the procedure, coating the assay sample directly to the surface of plate wells. Thus, both procedures were not suitable for crude samples.
On the other hand, in the DAS-ELISA no non-specific reaction was observed. The procedure could detect ICPs from sap of homogenized cabbage. Furthermore, the presence of sap seemed to increase the sensitivity more than twice in the DAS-ELISA. To confirm this observation, DAS-ELISA was performed to detect the intact BT pesticides diluted with the sap of cabbage but without alkali treatment. Based on the results shown in Table 2 , three BT pesticides, Thuricide(R), Dipel(R) and Xentari(R) gave increased ELISA values when cabbage sap was present. The result indicates that the sap of cabbage may contain enzyme(s) such as proteinases that digest and solubilize the ICPs in the samples. Based on these results, only DAS-ELISA was suitable for detecting ICPs from crude samples.
Comparison of ELISA with Bioassay
The BT pesticide, Guardjet(R), remaining on treated cherry fruits were detected by ABC-ELISA. The results are shown in Fig. 2 . The maximum dilution end point was 1: 512 of the assay sample. On the other hand, the dilution end point of the ICPs of Guardjet was 5.5 ng/ml (Table 1) . Thus, the residues of ICPs on the surface of cherry fruits of 1kg were estimated to be approx. 1.1 mg for a 3-day sample. Furthermore, based on the results of an assay sample diluted to 1: 64, the ICPs of 1-day and 7-day samples were calculated as 0.7 and 0.6mg/kg. The order of the amounts of ICPs in the extracts was: 3-day>1-day>7-day (Fig. 2) .
Based on the results of LC50 value in the bioassay using the diamondback moth, the residues of ICPs on cherry fruits were approx. 0.6mg/kg for a 1-day sample, 0.8mg/kg for 3-day sample and 0.5mg/kg for a 7-day sample. The order of the amounts was: 3-day>1-day> 7-day, in accordance with the ELISA results. DISCUSSION ABC-and AC-ELISA are used for detecting bacteria's and DAS-ELISA is mainly used for detecting plant Table 2 Influence of sap of cabbage to intact BT pesticides in DAS-ELISA. a) Non-solubilized BT pesticides diluted to 1: l04 in water or sap (100-fold excess, pH 6.2) of cabbage were used as assay samples in DAS-ELISA. Fig. 2 Detection of ICPs by ABC-ELISA from extracts of cherry fruits which were treated with Guardjet(R) sample 1 day after application, s: sample 3 days after application, A: sample 7 days after application, *: sample from untreated control plot.
viruses.8,9) The intact ICPs are almost bacterial size and the solibulized ICPs are almost virus particle or capsid size. Therefore, in this study, those three ELISA procedures were applied to the dtection of ICPs from BT pesticides. In general, the specificity of DAS-ELISA is narrow and only the homologous antigen reacts strongly. On the other hand, indirect ELISA including ABC-ELISA shows positive reactions to not only the homologous antigen but also heterologous antigens. In this study, in the DAS-ELISA, Thuricide(R)and Dipel(R) which may contain homologous antigens, ICPs of strain kurstaki HD-l, reacted most strongly (Fig. 1) . Furthermore, even the same concentrations of BT pesticides showed different intensity of ELISA values. This might indicate that each formulation contains not only different amount of ICPs but also different groups of ICPs.
The strain HD-1 has genes of CryIA (131 and 133 kDa), CryIIA (71kDa) and CryIIB (71kDa) proteins.11) Therefore, the antiserum would contain antibodies against those toxin proteins. The CryIA which has three subgroups, i.e., CryIAa, CryIAb and CryIAc, is the most common ICP type and is present in many strains of several subspecies of B. thuringiensis. The six BT pesticides may have ICPs containing CryIA which are produced from strains of subspecies kurstaki and aizawai, and from P. fluorescens harboring the recombinant ICP CryIAc gene. More than 50% of the amino acid sequence is identical among the CryI group and more than 80% of the amino acid sequence is identical among the subgroups of CryIA proteins.11) Therefore, antiserum to ICPs of HD-1 could react with those six BT pesticides.
Generally, ICPs of BT are inactivated by UV. However, ELISA is not easy to distinguish between the active or inactive ICPs. Only ELISA colud distinguish them when the protein structures were changed greatly. In this study, the bioassay and ELISA were employed to evaluate the recoveries of ICPs and they were compared each other. The amount of ICP recovered from cherry fruits treated with Guardjet(R)after different periods from the last application was almost the same in the bioassay and ABC-ELISA. Based on the results, the ICPs of Guardjet(R) which are microcapsuled in P. fluorescens seemed to be protected from UV. This indicates that ELISA may substitute for or corroborated the bioassay, though further tests with different samples are needed to obtain more conclusive results.
A washing-off method for ICPs recovery from the surface of cherry fruits was used for determination of pesticide residue, though it was more laborious and time comsuming than the homogenizing method. The rarefied ICPs exracted by the washing-off method could be cocentrated by centrifugation. Furthermore, the method could prepare the samples which did not induce non-specific reaction in ABC-ELISA. 
